ABSTRACT
INTRODUCTION
Vector controls are well-known control techniques in high performance variable speed -load applications for induction motor drivers and can be grouped as field oriented control (FOC) and direct torque control (DTC). The basic idea of vector control is the control of motor flux and torque separately as dc motors. For this aim, motor currents converted two phase vector components using park or Clarke transformations. One of these is the component control flux vector, and the other one is the control torque vector, separately. The main difference between the two methods is that the FOC controls by a rotor or stator field orientation while the DTC controls by stator field observation [1] .
FOC was first introduced by Blaschke [2] in the 1970's. It was unrivalled in industrial induction motor drivers until DTC was introduced by Takahashi [3] in the middle of the 1980's. It was a good alternative to FOC due to some well known advantages, such as simple control structure, no need much motor parameters so independecy of parameter changes, fast dynamic response. Beside these advantages, DTC scheme still had some disadvanteges like high torque and current ripples, variable switching frequency behavior and implementaiton difficulties owing to necessity of low sampling time.
Over the years, many studies have been done to overcome these disadvantages of the DTC and still continues. In this studies, researchers proposed different ways. Some studies suggest using different switching techniques and inverter topologies [4] [5] , in other group of researches, different observer models have been suggested [6] [7] . On the other hand, intelligent control methods like fuzzy logic (FL) have been explored by several researchers for its potential to improve the speed regulation of the drive system. [8] [9] On the other hand, intelligent control methods like fuzzy logic have been explored by several researchers for its potential to incorporate human intuition in the design process. The FL has gained great attention in the every area of electromechanical devices control due to no need mathematical models of systems unlike conventional controllers [10] . A fuzzy logic controller is used to select voltage vectors in conventional DTC in some applications [11] [12] [13] . In parameter estimation applications, a fuzzy logic stator resistance estimator is used and it can estimate changes in stator resistance due to temperature change during operation [14] . For duty ratio control method, a fuzzy logic controller is used to determine the duration of output voltage vector at each sampling period [15] . These fuzzy logic controllers can provide good dynamic performance and robustness. In recent publications, we see that some flux optimization method is proposed for the DTC scheme for induction motor drives and the effects of the optimization algorithm is investigated. In these publications, three flux control methods are used for optimization and essentially we can classified according to control structure as following: flux control as a function of torque [16] , flux control based on loss model [17] and flux control by a minimum loss search controller [18] .
This paper deals with a new stator flux controller on the DTC scheme. It has been developed to determine the best flux reference value for motor using the FL algorithm. The proposed controller self-regulates the stator flux reference without need of any motor parameters. Simulation studies have shown that this method reduces the torque ripple of the DTC scheme.
DIRECT TORQUE CONTROL
The basic idea of the DTC technique, which its block diagram is shown in Fig. 1 , is to choose the best vector of the voltage, which makes the flux rotate and produce the desired torque. In the DTC motor drive, the stator flux linkage and the electromagnetic torque can be directly controlled by the selection of optimum inverter switching states. The flux and the torque errors are kept within acceptable limits by hysteresis controllers. The DTC allows for very fast torque responses, and flexible control of the induction motor [19] Instantaneous values of the flux and the torque are calculated by using the transformation of the measured currents and the voltages of the motor. In these calculations, all measured electrical values of motor must be converted to stationary α-β reference frame on DTC scheme and conversation matrix as given in (1) (2) (3) . Stator flux vector can be calculated using the measured current and voltage vectors as given in (4) (5) (6) . Two different hysteresis comparator generates other control parameters on DTC scheme. Flux hysteresis comparator is two level type while torque comparator is tree level type. These comparators use flux and torque instantaneous error values as input and generates control signals as output. Switching selector unit generates inverter switching states with use of hysteresis comparator outputs and stator flux vector sector.
FUZZY FLUX OPTIMIZATION BASED DTC SYSTEM
As can be seen in Fig.1 ., conventional DTC scheme not only uses speed/torque reference value, but also a stator flux reference value as control parameters. Usually, motors are designed to work their maximum efficiency in their nominal operating point. However, for many industrial control applications motor loading situations can vary from time to time. So, it has been investigated in this paper what if flux reference value is adjusted regarding to the motor load. The value of motor flux should be readjusted when the load is less than the rated value.
Adaptation of flux to load variations can be done in three ways: flux control as a function of torque, flux control based on loss model and flux control by a minimum loss search controller. In this paper, the first way have been preferred. It means that flux controlled as a function of torque but without need of any motor parameters by using fuzzy algorithm. Simulink block diagram of the proposed DTC scheme is given in Fig. 2 . Membership functions of purposed fuzzy control scheme are given in Fig 3. Fuzzy control rules of purposed fuzzy control scheme are designed to minimize torque ripples and rules can be obtained based on prior experience of investigators about DTC scheme. The FL rules shown in Table 1 . 
SIMULATIONS
Numerical simulations have been carried out to investigate the effects the proposed fuzzy stator flux controller based DTC scheme. Its developed using Matlab/Simulink®. The parameter of the induction motor and simulation used in research as follows: Table 2 The torque and speed response curves show that proposed DTC controlled motor still has lesser torque and speed ripples regarding to conventional DTC controlled one. Transient working behaviors of both control technique are completely same due to optimizer unit works based instantaneous torque error and the torque error value is at largest value in transient working conditions. So, at transient working, the fuzzy optimizer unit creates rate flux value which used in conventional DTC.
CONCLUTION
A new fuzzy logic based stator flux control and optimization strategy for DTC controlled induction motors has been presented and investigated in this paper. Fuzzy logic based stator flux optimizer has been designed to determine the reference value. Fuzzy stator flux optimizer uses just torque error and change on torque error without need of any other motor parameter to determine the reference value on the DTC scheme. The proposed DTC system structure also has resistant to changes in motor parameters as conventional DTC due to use of any additionally motor parameters. So, the proposed DTC system can easily applicable every size of motors. The simulation results validate that fuzzy logic based control strategy for stator flux optimization can be successfully cooperated with conventional DTC scheme and achieves a reduction of torque ripple.
